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On the Use of Evanescent Electromagnetic Waves in
the Detection and Identification of Objects Buried in
Lossy Soil

Glenn S. Smith, Fellow, IEEE, and L. E. Rickard Petersson, Student Member, IEEE

Abstract—In some electromagnetic (EM) systems proposed for
the detection of buried objects, such as landmines, the transducers
(antennas) are located very close to the surface of the earth. The
coupling of energy into the earth is then by the near field of the
transducers, or, more precisely, by evanescent waves as well as
propagating waves in the spectrum for the radiation from the
transducers. Evanescent waves also contribute to the coupling of
the scattered field from the shallowly buried object to the trans-
ducers. In this paper, we use simple models based on a plane-wave
spectral analysis to perform a preliminary examination of the role
that evanescent waves can play in the detection and identification
of the buried object. The degree to which features in the image
of the object can be resolved is of particular interest, since the
features can be used to distinguish the object from clutter (such as
rocks). The effect of loss in the soil on imaging is also of interest.

Index Terms—Evanescent waves, ground-penetrating radar,
imaging, landmine detection.

1. INTRODUCTION

1G. 1 is a schematic drawing for a generic electromagnetic

F (EM) system for locating objects such as landmines buried
in the earth. The basic principle of operation is fairly simple: A
transducer produces an incident EM signal (incident field); this
signal causes an EM response in the buried object (electric cur-

- rent, electric polarization, or magnetic polarization) that, in turn,
produces the scattered EM signal (scattered field). The scattered
signal is measured by a second transducer and processed to de-
tect and identify the object. Two separate transducers, a trans-
mitter and a receiver as in Fig. 1, may be used, or a single trans-

ducer may provide both functions. The frequency of operation

for such systems ranges from below 1 MHz (metal detectors
with coils as the transducers) to above 1 GHz (ground-pene-
trating radars with antennas as the transducers) [1]-[4].

A successful system must be able to detect and identify the
buried object. Detection simply means locating a buried object;
the object could be a landmine, a rock, or simply a change in
soil type. Identification implies the ability to distinguish be-
tween these possibilities. An important consideration then is the
quality of the unprocessed information collected by the system
that can be used for both detection and identification. The re-
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Fig. 1. Schematic drawing for a generic EM system for locating objects buried
in the earth.
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Fig. 2. Sketch showing the scattered field on a plane above the object and at
the surface of the earth.

ceiving transducer in Fig. 1 measures the scattered field at the
height h above the surface of the earth. Backpropagation may
be used to transfer this field to the surface of the earth or even
into the earth to the depth d of the object. However, objects are
often buried in soil with unknown properties, so backpropaga-
tion below the surface may be impractical. Then the best that
can be accomplished is to provide an accurate measure of the
scattered field at the surface of the earth. This is shown schemat-
ically in Fig. 2.

The smallest feature that can be distinguished in the scattered
field is important, because it determines the resolution of any
“image” that may be constructed to identify the buried object.!
The smallest feature that can be distinguished is determined by

IHere we are only concerned with identification by imaging. Identification,
however, can be accomplished by other means; for example, a distinctive fre-
quency response can be used to discriminate between a specific buried object
and clutter [5].

0018-926X/00$10.00 © 2000 IEEE
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many factors, not the least of which is the frequency or wave-
length (), = ¢/f) at which the system operates. However, for
detection of the object, the wavelength does not have to be small
compared to the dimensions of the object. A metal detector op-
erating at a wavelength that is one thousand times the maximum
dimension of a metallic object can detect the object, as can a
radar operating at a wavelength that is one tenth the maximum
dimension of the object [6]-[9].

The transducers (antennas) in a system for detecting buried
objects, such as the one shown in Fig. 1, are sometimes located
very close to the surface of the earth, A < A,/4 [10]-[13]. The
coupling of energy into the earth is then by the near field of
the transducers, or, more precisely, by evanescent waves (inho-
mogeneous waves) as well as propagating waves (homogeneous
waves) in the spectrum for the radiation from the transducers.
Evanescent waves also contribute to the coupling of the scat-
tered field from the shallowly buried object to the transducers.
In this case, the interpretation of the arrows in Fig. 1 as optical
rays may then be inappropriate, and a more complex model for
the propagation may be required.

In this paper, we will use simple analytical models to perform
a preliminary examination of the role evanescent waves can play
in the detection and identification of shallowly buried objects
such as landmines.

I1. SPECTRAL REPRESENTATION-EVANESCENT AND
PROPAGATING WAVES

In the analysis that follows, we will only consider two-dimen-
sional configurations; with reference to Fig. 2, all geometrical
and electrical quantities will be assumed invariant with respect
to y. We will also assume that the field is TE, which, in this nota-
tion, means that the field has only the components £, H,, H..
Harmonic time dependence is used, and the factor edvt is sup-
pressed throughout. The electrical properties of the nonmag-
netic (;ts = [4,) soil containing the buried object are the rel-
ative permittivity e, and the conductivity o, or loss tangent
Ps = O/ wWersEo.

A component of the scattered EM field on a plane surface
just above the buried object at z = —d can be expressed as the
Fourier transform of a spectral function [14], [15]. For example,
for the component E we have

1 [ ks
Ej(z, z=—d) / Fy(kz)e %" dk, (1)

:E;r_oo

with the spectral function

F,(k;) =/ Ei(z, z = —d)e’*" dz. )

- OC

When the right-hand side of (1) is interpreted as a summation
of plane waves (a plane wave spectrum) evaluated at the plane
z = —d, the scattered field in the soil above the object becomes

s 1 [= —jkid,—jk* 7
E; (=, z)=g/_ooFy(km)e IR0 dky, —d<2z<0
3

where the complex vector wave number in the soil is

—

kS = ko@ + k2 @
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with

ki = Br—jol = VhI—kZ = ko/[ers = (ka/ko)?] = jersps
)
and k, = w/c. Now the scattered field above the surface of the
earth in free space is simply?

Ey(z, 2)
1 *® s 2
= Ty (ko) Fy(ky)e 9% de™F T dl, 2>0
T J—oo »

(6)

where the plane-wave transmission coefficient for TE polariza-
tion is [15], [16]

Ty (k) = }Q—Qf%g @)
and the vector wave number in free space is
k= kod + k2 (8)
with
kt=pt = /k2—kZ, 0<k2<k2?, Propagating Wave
= —jot = —j/k2 —kZ, k%Z>k2,  Evanescent Wave.

®

In free space, waves with k2 < k2 propagate in the z direction
as exp(—j3tz), while waves with k2 > k2 evanesce or decay
in the z direction as exp(—a?!z). When there is loss in the soil
(o5 # 0), all waves in the soil decay in the z direction, so it
is not possible to clearly divide the range for &, into portions
corresponding to propagating and evanescent waves. However, a
rough estimate for this division can be obtained from the lossless
case (o, = 0), where kg < erskg for propagating waves and
k2 > e,..k2 for evanescent waves.

We will ignore any multiple scattering of the field between
the object and the surface of the earth, so (6) is the only field
in free space due to the presence of the buried object. This is
the field that the system must measure and process to detect and
identify the buried object.

The geometrical and electrical properties of the buried object
determine the spatial features (variation in z) of the scattered
field on the plane just above the object (1). These features are
characterized by the range of the transverse wave number k, =
27 / X, over which the spectral function F is significant: |k, | <
ks max (Az > Az min)- The smaller the features the larger kg max
(the smaller A, min). Clearly, we want these same features to
appear in the field measured at or above the surface of the earth.
This means that the additional factor that appears in (6) but not
in (1); that is

T (kg )e P (k=)dg=ol(ka)dg =il (ke)z et (ka)s (1)
must not become too small over the range |kz| < kz max-

The dominant term in (10) is often the exponential attenua-
tion exp[—a$ (k; )d] exp[—al(kz)z]. As mentioned above, this
attenuation can be due to the wave being evanescent (for a par-
ticular value of k,,) either in free space or in the soil, or it can be

2This is the scattered field of the buried object. It does not include the incident
field of the transmitter or the reflection of this field from the surface of the earth.
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due to the dissipation in the soil (o5 # 0). The attenuation for
evanescent waves in free space can be reduced by measuring the
field close to the surface of the earth (z & 0), so the attenuation
in the soil, namely the factor o (k) in the exponent, is most im-
portant. To simplify the discussion of this factor, we introduce
a frequency-independent normalized loss tangent for the soil

ko _ Co0s

—Ps = 11
kmp Ersky (an

P, =

where {, = 1/ 110/, is the wave impedance of free space. No-
tice that when k, is fixed, Ps is the loss tangent p; at the fre-
quency for which k, = w/c = k,. Now (5) can be written as

ki/kx :ﬁj/kz —jai/kz
ko \ : ko
= {(E) Ers — 1} — jers Py <E> (12)

The normalized attenuation constant of/k, is graphed
as a function of the normalized wave number, k,/k., in
Fig. 3. Results are shown for soil with relative permittivity
ers = 9 and five different values of the loss parameter:
P, = 0.0,0.1,0.4,0.8, and 1.6. A convenient way to interpret
this graph is to assume that k&, is fixed and that the wave
number in free space k, = w/c (the frequency) is varied. For
example, k.. could be fixed at the value k; max associated with
the smallest feature of a buried object. The bars below the
figure show the ranges of wave number for which a wave is
propagating or evanescent in free space and in the lossless soil.
Notice that there is no attenuation in free space until k,/kz
is below 1.0, and there is no attenuation in the lossless soil
(P, = 0) until k,/k is below the value 1/,/g,, = 0.33. Also,
notice that some waves that evanesce in free space propagate
in the soil.

First, we will consider the case where the soil is lossless, the
curve for P, = 0.0 in Fig. 3. For point A (k,/k; = 1.5), the
wave is propagating in both free space and in the soil; for point
B (ko/k; = 0.75), the wave is evanescent in free space and
propagating in the soil; and for point C (k,/k, = 0.25), the

wave is evanescent in both free space and in the soil. For soil

with low loss, for example the curve for P, = 0.1 in Fig. 3, the
situation is similar to that for lossless soil. Only now there is
a small, almost constant, value of attenuation in the soil when
ko/ky > 1/\/ers = 0.33, and the transition to evanescence is
smoother than for lossless soil.

Now we will consider the other extreme, the case where the
soil is very lossy, the curve for P; = 1.6 in Fig. 3. The features
that distinguished the regions for propagation and evanescence
in soil with low loss are now absent. The attenuation is seen to
be a monotonically increasing function of k,/k,. Notice that
the attenuation for point C is less than.that for point A. Thus,
a frequency at which the wave is evanescent (decays) in both
regions (e.g., point C) appears to be the best choice. Recall that
we have assumed that the attenuation in the soil is the dominant
factor, because the attenuation in free space can be reduced by
placing the transducers close to the surface of the earth.

This last result may seem surprising, we are purposefully
using a wave that naturally evanesces (attenuates even when
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Fig. 3. Normalized attenuation constant in the soil as a function of the
normalized wave number €,., = 9.

there is no loss in the soil) in both regions to reduce the overall
attenuation of the wave. The cause of this phenomenon is fairly
simple: When we decrease the frequency, we increase attenu-
ation because the wave becomes evanescent; however, we also
decrease attenuation because the soil becomes less dissipative;
the latter is a bigger effect than the former.

For the special value Py = 2/,/g,;, the normalized attenua-
tion o /k,, given in (12) is independent of k,/k.. If the curve
for this value (P; = 0.67) were plotted in Fig. 3, it would be a
horizontal straight line. Thus, to obtain a reduction in attenua-
tion by reducing k, / k., the curve for P, must be above this line

or

VErsPs[2 > 1. (13)

Notice for this case, a reduction in &, /k, can never make o [k
less than 1.0. So we are always dealing with extreme attenuation
when (13) applies, for exp(—as/k;) > exp(—1) = 0.368 =
—8.7 dB.

1II. SIMPLE EXAMPLE COMPARING THE RESOLUTION
OBTAINED WITH PROPAGATING AND EVANESCENT WAVES

The numerical results presented in the last section are for a
single plane wave. To see how the ideas developed there apply
to a spectrum of plane waves, the simple model for a detection
system, shown in Fig. 4, is analyzed. Here, the source (trans-
mitter) is a filament of current I, at height & above the surface
of the earth. The observation point (receiver) is located below
the source at height g above the surface of the earth. This com-
bination of transmitter and receiver will be referred to as the
detector. The buried object, at depth d, is a pair of parallel, elec-
trically thin, perfectly conducting wires of radius a, separated by
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Fig. 4. Geometry for a simple model of a detection system.

the distance w. Notice that the buried wires are symmetrically
located about z = 0, while the detector is displaced at z = s.

In this model, the current filament produces the TE incident
field (E;, HE, HY). The plane-wave spectrum for this field is
obtained and allowed to propagate into the earth. The electric
field E;isoﬂ(x = +w/2, z = —d) at the location of the wires is
obtained, and the current in the perfectly conducting thin wires
is estimated to be [17]

_ 2nEB, y(r = Fw/2, 2= —d)

Jwito In(ksa) (14

The plane-wave spectrum for the scattered field produced by
these currents is obtained and allowed to propagate into free
space. The field component H3(s, ¢) at the detector is then used
to evaluate the ability of the system to resolve the locations of
the buried wires.

The important dimension in this analysis is the spacing w
between the two buried wires. Therefore, we define our crit-
ical transverse wave number (transverse wavelength) associated
with imaging the wires to be kyyy = 27/ Az = 27 /w. The pa-
rameter ko, /ky = ko/kzw = w/A, that we use with Fig. 3 is
then equal to the separation of the wires in terms of the free
space wavelength.

As before, we will look at two extreme cases from Fig. 3, soil
with low loss P; = 0.1 and soil with very high loss P; = 1.6.
We consider the points marked A — D for these two cases. For
convenience, the values of k,/k;,, and the spacings between
the wires, w, in terms of the free space wavelength, A,, and in
terms of the wavelength in the soil, A, are given for these points
in Table 1.

In Fig. 5(a), the magnitude of the normalized scattered field
|H:(s, g)w/I,| is graphed as a function of the lateral position
of the detector s/w. Each curve in the figure represents a scan of
the detector over the surface of the earth. The parameters for this
example are h/w = 0.5, a/w = 0.05, d/w = 0.5, g/w = 0
(detector at the surface of the earth) and the soil with low loss
ers = 9and P; = 0.1 (the second curve from the bottom in
Fig. 3). For case A, the wires are separated by 1.5 wavelengths
in free space and 4.5 wavelengths in the soil. The resolution
of the locations of the two wires at s/w = —0.5 and s/w =
+0.5 (vertical dash dot lines) is masked by a strong ripple that
is caused by the interference of the scattered fields from the two
wires.

TEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 9, SEPTEMBER 2000

TABLE 1
PARAMETERS FOR EXAMPLE
w/l g
Case | k,/k,, | w/A, P=01] P =16
A 1.50 1.50 4.50 4.99
B 0.75 0.75 2.26 2.91
C 0.25 0.25 0.76 1.45
D 0.025 0.025 0.12 0.43

The situation for case B is similar to that for case A, only
the period of the ripple is longer, because the wires are now
only separated by 0.75 wavelengths in free space and 2.3 wave-
lengths in the soil. For case C, the wirés are separated by 0.25
wavelengths in free space and 0.76 wavelengths in the soil. The
longer wavelength in the soil and the increased attenuation in
the soil have just about eliminated the ripple, and the locations
of the two wires are clearly resolved. Notice from Fig. 3 that the
attenuation in the soil for case C is considerably greater than
that for cases A and B. However, the received field for case C
is only about a factor of four less than that for cases A and B
(note the multiplication factor on the graph). For case D, the
wires are only separated by 0.025 wavelengths in free space and
0.12 wavelengths in the soil. However, their locations are still
resolved, albeit not as clearly as for case C.

The results in Fig. 5(b) are for the same geometrical parame-
ters as for Fig. 5(a) but for the soil with high loss e,.s = 9, P =
1.6 (the top curve in Fig. 3). The locations of the two wires are
clearly resolved in all four cases: A — D. Notice from the mul-
tiplication factors on the graphs, that, as expected from Fig. 3,
the amplitude of the received field is greatest for case D: about
100 times greater than for case C, 3 000 times greater than for
case B, and 20000 times greater than for case A.

The results in Fig. 5(b), particularly those for cases C and
D, show that in lossy soil, the inclusion of evanescent waves in
the spectrum can increase the amplitude of the received signals
significantly without seriously affecting the ability to resolve the
locations of the buried objects.

The results in Fig. 5 are for the detector at the surface of the
earth, that is, ¢ = 0. In Fig. 6, the normalized field for case C
is shown as a function of the height of the detector, 0 < g/w <
h/w = 0.5. Fig. 6(a) is for the soil with low loss Ps = 0.1,
and Fig. 6(b) is for the soil with very high loss P; = 1.6. The
resolution of the locations of the two wires is seen to decrease
as the detector is raised above the surface of the earth. This is
the result of the attenuation of the evanescent waves as well as
the divergence of the propagating waves for the spectrum in free
space.

IV. CONCLUSION

In some EM systems proposed for detecting shallowly buried
objects, the transducers (antennas) are located very close to the
surface of the earth. The coupling of energy into and out of the
earth can then involve both the evanescent and the propagating
waves in the plane wave spectrum for the radiation. The oper-
ating frequency can be chosen so that either the propagating
waves or the evanescent waves dominate the spectrum in the
range used for imaging the object. For the former, the operating
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and D. 0.025. h/w = 0.5, g/w = 0.0, d/w = 0.5,€,5 = 9. (a) Soil with low loss P, = 0.1. (b) Soil with high loss P, = 1.6.

frequency (a high frequency) is chosen so that the free-space
wavelength is less than the dimensions of the object, while for
the latter the operating frequency (a low frequency) is chosen so
that the free-space wavelength is much greater than the dimen-
sions of the object.

The results presented in this paper, which are based on simple
analytical models, show that under the right conditions, the in-
clusion of evanescent waves in the spectrum can increase the
amplitude of the received signals significantly without seriously
affecting the ability to resolve the locations of the buried objects.
The design of an actual detector (other than a metal detector)
that specifically makes use of evanescent waves to detect buried

_ objects is a project for future study.

An interesting observation from the analysis is that when kg,
(the resolution) is held fixed and the soil is very lossy, the atten-
uation of the evanescent waves at low frequencies, which is due
to both natural decay and loss, can be less than the attenuation
for the propagating waves at high frequencies, which is due to
only the loss. For a soil with a frequency independent conduc-
tivity o, this occurs whenever

Normalized Field

Coosw - 300w S
47\ [ers = /Ers

where w is the dimension of the feature in the buried object that
must be resolved. It should be emphasized, however, that this
phenomenon only occurs in cases where there is extreme atten-
uation in the soil; that is, when exp(—asw/27) > exp(—1) =

For soil with a conductivity that increases with the frequency,
Fig.6. The scattered magnetic field H: for case C as a function of the height of hich s th f yl di dmi fq 4
the detector above the surface of the earth g/w. (a) Soil with low loss P; = 0.1. which s the CalSF ormany SOI' $ atradio and microwave frequen-
(b) Soil with high loss P, = 1.6. cies, the reduction in attenuation gained by use of the evanescent

Normalized Field

VersPs[2 = 1 (15)
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spectrum (going to lower operating frequency) will be greater
than indicated by the simple analysis presented in this paper
[18]. This can be seen from Fig. 3. Consider a low frequency
with low attenuation such as the point for k,/k, = 0.75 on the
curve for P, = 0.1. When the conductivity is independent of
the frequency, the attenuation remains roughly constant as the
frequency is increased, for example to the point k,/k, = 1.5.
If the conductivity increases with the frequency, however, the
value of P; at k,/k, = 1.5 would increase, for example from
0.1 to 0.4, and the attenuation would increase.

The use of the evanescent spectrum to image a buried object is
similar to what is done in near-field scanning optical microscopy
(NSOM). In optical microscopy, the maximum frequency (min-
imum wavelength) of operation is fixed and evanescent waves
are introduced to increase the resolution beyond that possible
with a traditional microscope; that is, one that uses only propa-
gating waves [19].
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